Background
Orthodontic force application to the teeth is responsible for a series of biological responses in the bone tissue, which lead to bone modeling and remodeling, allowing tooth movement [1] . The resulting neoformed bone has a low degree of mineralization [2, 3] , with short-term reduction of the mineral density of the tooth-surrounding alveolar bone [4] , which may impair its structural resistance [5] .
Besides causing obvious structural changes in the bone tissue, animal studies have shown orthodontic movement to have effects on the dental tissue, causing odontoblast activation [6] and increased dentin mineralization [6, 7] . Such tissue reactions maybe due to the presence of specific proteins (dentin matrix protein 1 -DMP1, and dentin sialophosphoprotein -DSPP), which have their levels upregulated by mechanical stress [8, 9] . Once such proteins are present in dentin and bone [8] , mineralization of these 2 tissues may be likewise influenced by mechanical perturbations [7, 10, 11] .
Alveolar bone mineral density is already associated with the formation of areas of hyalinization and root resorption units during orthodontic treatment [12, 13] . Although this process might also be influenced by the degree of mineral density of the roots [14] , there is a lack of studies investigating this issue.
Computed tomography (CT) and cone beam computed tomography (CBCT) scanners are the most frequently used instruments to assess the mineral density of craniofacial bone structures [4, [15] [16] [17] [18] [19] . However, because the intensity values of CBCT images are influenced by the scanning device, image-acquisition settings and positioning [20] , these variables should be controlled for in order to guarantee the reliability of the results.
The purpose of this controlled study was to assess the degree of mineral density of the apical third of the roots of upper central incisors and of the periapical bone, through CBCT images, comparing orthodontically treated and untreated subjects.
Material and Methods
Forty-five adult subjects were included in this study. They were consecutively selected from a postgraduate orthodontic program of the Juiz de Fora Federal University. They were divided into 2 groups: the untreated group (15 males, 15 females; mean age 23.1 years), which had not undergone orthodontic treatment; and the treated group (7 males, 8 females; mean age 22.8 years), which had finished their orthodontic treatment at least 1 year (mean time 6.52 years) prior to the study. All had full permanent dentition (with the exception of the 3 rd molars) and no endodontic treatment in the teeth examined, root resorption, history of injury to the upper central incisors, or any kind of bone pathology. The images were analyzed with the i-CAT Vision (Imaging Sciences International Inc., Hatfield, USA) software, with 0.5 mm-thick slices. At MPR viewing modality, each upper central incisor was positioned vertically, so that the intersection of the sagittal and coronal sections coincided with its long central axis, with the coronal section parallel to the incisal border (Figure 1 ). In the sagittal section, the root length was measured as the distance between the most apical point of the root and the middle point of the vestibular and lingual cementum-enamel junctions.
One calibrated investigator (B.P.) randomly and blindly assessed the CBCT images of all patients, and determined the bone and root mineral densities.
Determination of the root mineral density (RMD)
The RMD was determined as the mean of 4 regions of interest (ROI) within the apical third of the roots, 2 areas in the coronal section (right and left - Figure 2 ) and 2 areas in the sagittal section (vestibular and lingual - Figure 3 ), encompassing as large an area as possible, but without impinging on the images corresponding to the periodontal ligament and the pulp. The areas in each section had the same dimensions.
Determination of the alveolar bone mineral density (BMD)
BMD was determined in the same sagittal section used for RMD assessment for each tooth. BMD was determined as the mean density of 4 regions of interest (ROI) at the alveolar bone, 3 1×1 mm areas located on the lingual side of the apical third of the root (superior, middle and inferior) and another 1 mm-high supra-apical area, localized above the root apex, extending from the vestibular cortical wall to 2 mm lingual to the apex center ( Figure 4 ).
Determination of reference areas
Although this was a controlled study, palatal bone areas were assessed in order to compare the MD of similar structures not affected by orthodontic movement, in both groups, as well as to assess the reliability of the measurements of symmetrical areas from the same individuals.
Likewise, the MD of bone areas not influenced by tooth movement or occlusal stress were assessed in order to compare similar structures of the 2 groups, as well as to assess the reliability of the measurements of symmetrical areas of the same individuals.
The BMD of 8 reference areas in the maxilla, 4 on each side, symmetrically positioned in the anteroposterior and mediolateral directions, was assessed. The maxilla was initially positioned with the axial and sagittal planes intersecting the anterior and posterior nasal spines. Afterwards, the lowermost axial section, where the posterior wall of the incisal foramen could be visualized, was selected. Coronal views of the maxilla were selected at 4 and 6 mm posterior to the distal wall of the incisal foramen, and the BMD was measured in 4 3 mm-wide areas in each coronal views, 1.5 and 4.5 mm lateral to the midline, on both sides ( Figure 5 ). The upper and lower limits of the areas were defined by the cortical bone.
Statistical analysis
Intra-rater agreement values of BMD of alveolar and reference areas and RMD measurements were examined by intraclass correlations (ICC), being based on 15 randomly chosen incisors, which were measured twice, with an interval of 15 days.
Due to the different size of the 2 groups, the normality of the variables was tested with the Shapiro-Wilks test for the treated group and with Kolmogorov-Smirnov test for the untreated group. All variables of the 2 groups exhibited a normal distribution. Additionally, the homoscedasticity of the variables was tested with Levene's test for the treated and the untreated groups.
Comparison of the BMD values of reference and alveolar areas between left and right sides, for each group, was undertaken with Student's dependent t test, the independent t test being used for between-group comparison. For RMD values, Student's dependent t test was used to compare the results Intra-rater agreement values of BMD (reference and alveolar areas) and RMD from the CBCT measurements were over 0.9, showing excellent agreement [21] .
The BMD mean values of the reference areas of treated and untreated individuals, and the comparison between the right and left sides and between the groups, are shown in Table 1 .
The reference bone areas in the maxilla showed a significant difference (p=.010) only between the 4.5 mm right and left areas in the 6 mm section of the untreated group. For all the other comparisons, between right and left sides and treated and untreated groups, there was no statistically significant difference. Descriptive statistics suggested that BMD and RMD variances might differ between the groups, Levene`s test being necessary for homoscedasticity verification. The groups did not significantly differ in BMD variance (p=.754), whereas there was a significant difference in RMD variance (p=.037). When the Mann-Whitney non-parametric test was used to verify the between-group RMD difference, the result was similar to that obtained with the t test (p=0.002), thus indicating a significant difference between the groups.
discussion
The forces resulting from the action of orthodontic appliances move irregular teeth to better positions and produce mechanical stimuli that trigger biological responses which, in turn, lead to bone modeling and remodeling. While modeling is the sculpting mechanism that uses the raw materials of bone growth to shape structures, remodeling is the mechanism involving lifelong skeletal turnover and maintenance [1] . Because such bone responses are difficult to observe [4] , few experimental studies in animals [10, [22] [23] [24] [25] and clinical short-term studies [4, 26] are available, pointing to the need for greater investigation of the effects of tooth movement on the alveolar bone.
Hsu et al. [4] and Chang et al. [26] found a 24% BMD reduction around the teeth of the anterior maxilla in 8 patients investigated 7 months after orthodontic treatment. root-associated alveolar bone of the orthodontically-moved upper central incisors did not differ from the BMD of the untreated group. This difference may be related to the post-treatment assessment time (mean 6.52 years), because a long period is necessary for bone recovery and mineralization after tooth movement [27] , which allows the BMD to return to baseline (before tooth movement) values. The fact that the groups did not have a significant difference in the BMD of the maxillary reference areas suggests that the influence of tooth movement on bone quality is limited to a certain period of time after treatment.
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In contrast with the BMD, the patients who had undergone orthodontic treatment had significantly higher RMD values than untreated patients. Although orthodontics-related alterations in the dentin surface, with increased mineralization rate, have already been reported [7, 10, 11] , effects on the dentin matrix have not.
Dentin matrix has a peculiar morphology, being composed of 1-2 µm diameter tubules surrounded by a hyper-mineralized layer called peritubular dentin, and of a softer intertubular matrix, where the organic material concentrates as collagen fibrils and noncollagenous proteins [28] .
Two proteins, DMP1 and DSPP, are responsible for similar structural alterations in the dentin matrix and surface, being present in predentin, odontoblasts and dentinal tubules [8] . These proteins are thought to play key biological roles in the mineralization of dentin because they are prominent in this mineralized tissue and are secreted into the extracellular matrix of dentin during formation and mineralization [29, 30] . DMP1 and DSPP expression and levels are increased by mechanical stress [8, 9] , which may account for not only the increased dentin mineralization rate [7, 10, 11] , but also for the increased mineral density of the peritubular extracellular matrix during tooth movement, because of acceleration of dentin mineralization [6] . Such structural alteration enhances biomechanical function, allowing a tougher foundation that helps to prevent propagation of cracks from the brittle enamel [28, 31] .
DMP1 and DSPP are also expressed by osteocytes, being involved in the development and/or maintenance of bone tissue and responding to mechanical stress as occurs in dentin [6, 8] . However, significant BMD increases were not observed, probably due to the complete bone renewal during tooth movement, with resorption alongside the movement direction and deposition in the opposite direction.
Mineral density determination is the best indicator for the quality of mineralized tissues [5] , and CBCT has been proposed as a low-radiation-dose method for achieving such a purpose [4, 32] , because the density evaluated shows a linear relationship with the attenuation coefficients of the materials [33] and HU values obtained with medical CT [32, 34] and DEXA [35] .
However, the arbitrary gray levels and artifacts displayed in CBCT systems do not allow the assessment of bone quality, which can be performed with HU in medical CT [36] . Such instability of grey levels was associated with different imaging devices [20, 33, 37] , image-acquisition settings [33] , positioning of the object in the FOV [20, 38] , the mass presented outside the FOV (dubbed the exo-mass) [37] [38] [39] , the mass in the slice (inside and outside the FOV) [38] and the size of FOV [39] . Controlling for these variables has thus become essential for measurements of mineral density in CBCT images.
All patients, treated and untreated, were scanned with the same large-volume CBCT scan, which may yield more consistent density values than limited-volume CBCT scans [39] , and under the same exposure conditions, which eliminated equipment and image-acquisition setting-related variations. According to Araki et al. [40] , in a CBCT system designed to scan a large FOV with large-sized detectors, the influence of artifacts might be small and the HU application is possible. In spite of the disagreement on the correlation between the CBCT and HU MD values, we used the HU values as a comparative rather than an absolute measurement.
In CBCT images, the CT number of the same material tends to increase (brighter in gray scale) as the ROI approximates the to exo-mass [38, 39] , and/or the exo-mass increase [39] and/or the mass in slice increase [38] , resulting in varied readings of the mineral density of a given structure. In the assessment of adults, standardization of the head orientation and its position in the FOV and the use of a standardized FOV size allowed the control of variables related to the structure mass, as the mass in slice (estimated as 7 g for each 0.4 mm slice of the adult head [38] ), localization of the exomass and positioning of the upper incisors in the FOV were similar across the patients, resulting in the same distortion of the gray levels in the areas of interest assessed in this study.
The object position inside the FOV modifies the relation between the ROI and the exo-mass and influences mineral density determination, as reported by Nackaerts et al. [20] , who demonstrated a significant variation when the object was repositioned in FOV between acquisitions. These authors used a FOV with a volume 35 times greater than ours, which may have influenced the results. Nevertheless, no conclusive information on the influence of FOV size on MD determination has been reported to date.
Katsumata et al. [39] described the possible influence of FOV size on MD, reporting a 381 HU (266-647) BMD variation in a half-mandible, in 51, 102, 153 and 200 mm diameter FOVs. Yet, these authors did not eliminate the exo-mass (present in the 51 mm FOV) and ROI positioning inside the FOV, adding the influence of other variables to their results, and leaving the issue of the influence of FOV size on MD determination in large-volume CBCT images unresolved.
In spite of the number of possibly influential variables of MD values in CBCT images, we adopted exam standardization for variable control. This may be verified by analysis of the maxillary reference areas, where no significant differences between treated and untreated individuals were observed. A significant difference was only verified between the right and left sides in the 4.5 mm lateral area in the 6 mm section of the untreated group, with 3 patients presenting discrepantly reduced BMD values on the right, with no apparent reason.
conclusions
Individuals who had finished an orthodontic treatment at least 1 year previously had higher root mineral density means, compared with untreated individuals. On the other hand, the BMD did not show a significant difference between the groups.
